The reduced gap junctional intercellular communication (GJIC) and gap junction protein (connexin) expression that have been noted in many neoplastic cell types may contribute to the neoplastic phenotype. We assessed GJIC (by fluorescent dye micro-injection) and connexin expression (by Northern blotting, Western blotting and immunohistochemistry) in five mouse and 17 human lung carcinoma cell lines; both measures were lower in neoplastic cells compared to non-transformed lung epithelial cells. Other connexins were not detected in these cells. Co-culture experiments indicated that carcinoma cell lines able to transfer dye among themselves (homologous GJIC) had little capacity for dye-coupling with non-transformed cells (heterologous GJIC). Southern blot analyses indicated that reductions in GJIC and connexin43 expression were not due to deletions or rearrangements of this gene, but were more likely accounted for by transcriptional downregulation and/or post-transcriptional factors. No correlations between GJIC and known oncogene and tumor suppressor gene alterations in the human lung carcinoma cells were apparent, suggesting that other mechanisms down-regulate GJIC in these cells. Since the neoplastic cell lines exhibited low GJIC (either homologous or heterologous), this characteristic may be involved in expression of the neoplastic phenotype.
Introduction
Gap junctional intercellular communication (GJIC*) helps regulate cellular growth; dysfunctional GJIC may contribute to neoplasia (reviewed in 1). Gap junction channels are composed of protein subunits known as connexins (Cx); at least 13 mammalian connexins are expressed in a cell-specific manner (2) . GJIC and connexin expression are reduced during active proliferative states such as the regeneration that follows two-thirds hepatectomy or when cells are exposed to growth factors and tumor promoters (3) (4) (5) (6) . Growth inhibitors and differentiating agents such as retinoids, on the other hand, can enhance GJIC (7, 8) . Most neoplastic cells have reduced levels of GJIC and connexin expression compared to non-transformed cells and oncogene products can decrease GJIC (9, 10) . For example, the src protein, pp60 src , directly phosphorylates connexin43 (Cx43) on tyrosine residues resulting in reduced GJIC (11) . Activated Ras (12) and Neu (13) proteins also down-regulate GJIC. Enhancing GJIC in neoplastic cells by transfection with connexin cDNA expression vectors reduced cell growth and tumorigenicity, and restored aspects of normal differentiation (14) (15) (16) (17) (18) (19) (20) . Correspondingly, inhibiting connexin expression in non-transformed cells by antisense strategies dysregulated growth (21, 22) .
While lowered GJIC has been demonstrated in many types of neoplasms, this has not been extensively studied in lung tumors, despite the high incidence of lung cancer. Bronchial, bronchiolar and alveolar epithelia are the sites of origin of human non-small cell lung carcinomas (NSCLC), whereas neuroendocrine cells may give rise to small cell lung carcinomas (SCLC) (23) . NSCLC account for~75% of all lung cancers and can be divided into three histological categories: squamous cell carcinoma, adenocarcinoma and large cell carcinoma. In mice, chemically-induced lung tumors usually grow in solid or papillary patterns and originate from alveolar Type II epithelial cells or bronchiolar Clara cells (24) . We have shown that several mouse lung carcinoma cell lines have decreased GJIC and that lung tumor promoting agents reduced GJIC in non-transformed mouse lung epithelial cell lines (25, 26) . Both human NSCLC and SCLC have few intercellular junctions (27, 28) , and TGF-β and EGF modulated GJIC in normal and transformed human bronchial epithelial cells (29, 30) . The phorbol ester, 12-O-tetradecanoylphorbol-13-acetate, and airborne particulate matter reduced GJIC in primary cultures of rat alveolar Type II cells (31) . Aside from these studies, little information exists regarding the involvement of GJIC in human or rodent lung neoplasia.
We have examined human and mouse lung carcinoma cell lines for their GJIC capacity and connexin expression in comparison with normal human bronchial epithelial cells (NHBEC), small airway epithelial cells (SAEC), and a nontransformed, mouse Type II cell line (E10 cells). Some neoplastic cells exhibit GJIC amongst themselves (homologous GJIC), but not with non-transformed cells (heterologous GJIC) (32-34), so we also examined heterologous GJIC in these lung cells. The lung carcinoma cell lines generally had reduced homologous GJIC and Cx43 expression, and those lines with high homologous GJIC exhibited poor heterologous GJIC. 
Homologous and heterologous dye-coupling assays
The ability of these lung cells to communicate with themselves (homologous GJIC) and with cells of another type (heterologous GJIC) was determined. GJIC was quantified as the dye-coupling percentage (26) . For homologous GJIC assays, cells in near confluent monolayers were micro-injected and filled with fluorescent Lucifer Yellow CH dye by iontophoresis using a Nikon Diaphot inverted microscope and Narishige micromanipulator. Five min after dye-loading, neighboring cells directly adjacent to micro-injected cells were evaluated under epifluorescence illumination for the presence or absence of dye (dye-coupling). Ten cells were micro-injected per dish, and the total number of dye-coupled and non-coupled neighbor cells were used to determine the dye-coupling percentage for each dish. Three-four dishes were sampled per cell line. To distinguish between co-cultured cells in heterologous GJIC assays, one cell type was prestained with the vital plasma membrane fluorescent stain, PKH-26 GL (5 µl/ml culture medium), for 15 min at 37°C, washed extensively, trypsinized and plated onto a subconfluent culture of the second cell type. PKH-26 GL-labeled and unlabeled cells were readily distinguished under epifluorescence illumination after overnight incubation. Cells were micro-injected and dye transfer to homologous and heterologous cells was determined as described above.
Determination of connexin expression
Connexin expression in the lung cells was evaluated by Northern and Western blotting as described (26) . cDNAs for Cx43, Cx40, Cx37, Cx32 and Cx26 were labeled with [ 32 P]dCTP by random-priming and used as probes in the Northern blots. Mouse monoclonal anti-Cx43 antibody was used for Western blotting.
Southern blot analyses of Cx43
Southern blot analysis was performed to compare the genomic structure of Cx43 in normal and neoplastic lung cells. High molecular wt DNA was isolated from the cells as described (37) . Fifty-microgram samples of DNA were digested completely with EcoR1 and fractionated by electrophoresis in 1% agarose gels, blotted to Hybond N ϩ nylon membranes (Amersham Corp.), then cross-linked by exposure to UV light. Membranes were hybridized with 32 P-labeled Cx43 cDNA probe. Hybridization and washing conditions were identical to those used for Northern blotting (26) . Immunocytochemistry Connexin43 protein localization in the cells was evaluated by indirect immunofluorescence cytochemistry with anti-Cx43 mouse monoclonal antibody as described (26) .
Results

Homologous and heterologous dye-coupling in lung cells
Homologous dye-coupling levels of non-transformed, and neoplastic murine and human lung epithelial cells were determined. Non-transformed NHBEC and SAEC exhibited high levels of homologous dye-coupling (95.3 and 90.9%, respectively), and most of the human lung carcinoma cell lines (11/ 17) demonstrated much lower levels (0-11.8%) ( Table I) . There was considerable variation among these tumor-derived lines and several (6/17) had dye-coupling levels Ͼ40%. No pattern was apparent between dye-coupling levels and histopathological type. For the murine series, non-transformed E10 cells had the highest level of dye-coupling (92.5%), whereas the neoplastically transformed cells had lower levels (3.0-37.7%; Table II ). The 82-132 cells had the highest level among the transformed cells whereas PCC4 cells had the lowest. Dye-coupling in E10 and NHBEC cells are illustrated in Figure 1 . Dye spread from the micro-injected cells to many first-order and second-order neighbors can be readily seen.
To address whether neoplastic human lung cell lines that exhibited high levels of homologous dye-coupling could establish coupling with non-transformed cells (heterologous coupling), the neoplastic cells were marked by staining with PKH-26 GL, and co-cultured with NHBEC or SAEC. Heterologous dye-coupling was evaluated by Lucifer Yellow microinjection. As shown in Table III , homologous dye-coupling percentages in the co-cultures were high and not statistically different from those described in Table I . This indicates that PKH-26 GL staining did not affect dye-coupling. When heterologous dye-coupling between non-transformed and transformed cells was examined, little coupling was seen (Table III) .
Connexin expression in lung cells
Connexin expression in the mouse and human cell lines was examined by Northern blotting using cDNA probes for Cx43, Cx40, Cx37, Cx32 and Cx26. Only Cx43 mRNA (3.0 kb) was detected in these cells. In agreement with their high dye-63 coupling level, non-transformed E10 cells had high Cx43 mRNA content ( Figure 2 ; Table II ). LM1 cells also expressed high Cx43 mRNA, although their dye-coupling was relatively low. The other mouse lung carcinoma cell lines had lower mRNA content. For the human cells, non-transformed NHBEC and SAEC expressed high levels of Cx43 mRNA compared to most of the carcinoma cell lines (Figure 3 ; Table I ). H125, H292, H441, H446, H520, H1299 and H1915 had no detectable Cx43 mRNA. H226, H596, H1264, H1334 and H2009 had less Cx43 mRNA than NHBEC and SAEC. H23, H360, H460, H522 and H661 had similar or higher levels of the messenger than the non-tumorigenic cells. In 15 of 16 cell lines where both dye-coupling and Cx43 mRNA were measured, expression of Cx43 correlated with dye-coupling. H1264 cells which had a moderate amount of mRNA, but high GJIC did not fit this pattern.
Western blot analyses of Cx43 protein in these cells generally correlated with their Cx43 mRNA levels. Cx43 protein content in non-transformed E10 cells was higher than in the neoplastic mouse lung cell lines (Figure 4 ; Table II I). Several human lung carcinoma lines, however, expressed Cx43 protein at levels comparable (H360, H661 and H1264 cells) or greater (H460 and H522 cells) than that of NHBEC and SAEC. Of the 11 human cell lines examined by both Western and Northern blotting for Cx43 expression, there was an excellent correlation between protein and mRNA levels. In the Western blots depicted in Figures 4 and 5 , several Cx43-positive bands can be seen; these migrated at~42-48 kDa, and represent non-phosphorylated Cx43 (42 kDa) and phosphorylated Cx43 (44-48 kDa) (40) . H522 cells ( Figure 5 ) had several phosphorylated bands not apparent in the other cells.
Immunostaining of Cx43 in human lung cells
To determine the localization of Cx43 protein in the cells, immunocytochemical staining of the protein was performed. Cx43 staining of NHBEC, SAEC and several human lung adenocarcinoma cell lines is shown in Figure 6 . Cx43 staining appeared as spots or bars at cell-cell interfaces in NHBEC and SAEC (Figure 6a,b) . Little staining was seen for H125 cells (Figure 6c) , which is consistent with their lack of dyecoupling (Table I) , Cx43 mRNA ( Figure 3 ) and Cx43 protein ( Figure 5 ). Plasma membrane staining was evident in H661 cells (Figure 6d ), whereas cytoplasmic and nuclear staining were seen in H2009 (Figure 6e ) and H596 (Figure 6f ) cells, respectively. Cx43 immunostaining in the human cell lines is summarized in Table I .
Southern blot analyses of the Cx43 gene in human lung cells
Southern blot analyses of the Cx43 gene in several human lung carcinoma cell lines which did not express the gene were performed to determine if rearrangements or deletions might account for this lack of expression. The band patterns for H125, H441, H446 and H520 cells were identical to NHBEC (Figure 7) . Two EcoR1-digested DNA bands (~6.6 and 3.3 kb) were detected in each cell type; the 3.3 kb fragment is from the true Cx43 gene whereas the 6.6 kb fragment is from a non-expressed Cx43 pseudogene (41) . These data suggest that rearrangements or deletions of the Cx43 gene are not responsible for the poor Cx43 expression in these carcinoma lines, but additional data are necessary to verify this.
Discussion
We have characterized several mouse and human lung carcinoma cell lines for GJIC and connexin expression in the first extensive analysis of GJIC in neoplastic lung cells, although we (25, 26) and others (29, 30) have described these parameters in a limited number of lung cell types. Most mouse and human lung carcinoma cell lines have much lower levels of dye-coupling and Cx43 expression compared to their nontransformed counterparts, as has been described in other types of neoplastic cells. Dye-coupling and Cx43 expression were examined in cell lines derived from the four major histopathological types of human lung adenocarcinoma and unique patterns were found with each carcinoma subtype. A few neoplastic lines exhibited dye-coupling and expressed Cx43 at levels comparable to non-transformed cells. There was an excellent correlation between expression of Cx43, as determined by Northern and Western blotting, and by immunocytochemistry and GJIC as shown by dye-coupling. This is also consistent with the lack of expression of other connexin genes in these cells. Reduced dye-coupling and Cx43 expression were not seen in all of the cell lines of any particular histopathological subtype of human lung carcinoma, although these reductions were frequent in both NSCLC and SCLC cell lines. This suggests that reduced GJIC may contribute to but is not responsible for neoplastic transformation in lung epithelium.
The nature of the defect in GJIC and Cx43 expression in the lung carcinoma cell lines is not clear from this study, but several possibilities seem unlikely. Southern blotting suggested that rearrangements or deletions of Cx43 were not present in the poorly expressing human lines examined. Reduced Cx43 mRNA and protein content was probably due to reduced transcription and/or post-transcriptional mechanism(s) such as Cx43 mRNA or protein stability. Hypermethylation of the Cx43 gene does not appear to be a mechanism of poor expression in several of the lines since treatment with the methylation inhibitor, 5Ј-aza-2Ј-deoxycytidine (42, 43) , did not restore dye-coupling or Cx43 expression (data not shown). Another factor that might be important is defective expression or function of cell adhesion molecules. Expression of cadherins and the resultant cell-cell adhesion are necessary for gap junction assembly (44) (45) (46) . Since E-cadherin expression is often reduced in lung carcinoma cells (47, 48) , this could be an indirect mechanism for the reduced GJIC and gap junction content. Cx43 protein may be more stable when incorporated into gap junction channels and aggregated into large plaques, and the inability of neoplastic cells to form channels because of poor cell-cell adhesion may contribute to premature degradation and reduced content of this protein.
Although the quantity and type of connexin expressed may change as a result of cell culture (49) (50) (51) , the lowered Cx43 expression and GJIC in lung carcinoma cells was probably not an effect of tissue culture per se or components of the culture medium. This is because E10 cells, NHBEC and SAEC, and several neoplastic lines expressed high levels of Cx43, and because dye-coupling and Cx43 expression in carcinoma cells were not changed when the cells were cultured in BEGM or SAEGM (data not shown).
These losses of GJIC in neoplastic transformation may contribute to the altered growth and tumorigenic properties of neoplastic cells. Interestingly, though, five of 17 lung carcinoma cell lines expressed high dye-coupling levels (Ͼ40% coupling). When heterologous coupling between these cells and their non-transformed counterparts was examined, however, little coupling was seen. A lack of heterologous dye-coupling between non-transformed and transformed cells has been reported in other systems as well (32) (33) (34) and may be due to differences in cell surface properties (34) . Thus, defective homologous or heterologous GJIC is common to lung carcin-oma cells and may be an important contributing factor to the neoplastic phenotype.
Mutationally activated K-ras or c-erb-2/neu oncogenes, and inactivated or deleted Rb and p53 tumor suppressor genes are frequently seen in murine and human lung neoplasms including the carcinoma cell lines used in the present study (38, (52) (53) (54) (55) (56) (57) (58) (59) (60) (61) (62) (63) (64) (65) . Our data suggest that reduced GJIC (homologous or heterologous) is also highly frequent in these cells and contributes to their transformation. Examination of other lung carcinoma cell lines as well as preneoplastic and neoplastic lung tissue samples for GJIC and Cx43 expression will indicate the generality of these results. Molecular studies of the Cx43 gene may reveal mutational defects in the coding region or promoter. In addition, the use of antisense and dominant-negative Cx43 vectors targeted to lung epithelial cells will also help demonstrate the role of altered GJIC/Cx43 expression in lung neoplasia. Such data may be useful for determining lung cancer prognosis and might lead to GJIC-based therapies for this disease.
